Microbubble enhanced ozonation process for advanced treatment of wastewater produced in acrylic fiber manufacturing industry, Journal of Hazardous Materials http://dx.doi.org/10.1016/j.jhazmat. 2015.01.069 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. 
contact oxidation tower. Even with use of these technologies it is still difficult to achieve effluent qualities that satisfy discharge standards. Because various physical and chemical pretreatment techniques cause only limited improvement to the biodegradability of such wastewater, biological treatment combined with advanced oxidation [1] is one of the most promising treatment processes. Ozone has a high oxidation potential and has been widely used for disinfection and the removal of organics for water and wastewater treatment [2] [3] [4] . The present ozonation treatment process is limited by low ozone dissolution and a slow mass transfer rate, leading to low utilization efficiency of gaseous ozone and thus high operation costs [5] . Efficient techniques for ozone transfer are especially desired for the treatment of wastewater containing high concentrations of organic pollutants.
Microbubble wastewater treatment has drawn great attention for its small bubble size (less than 50 μm), huge interfacial area, long stagnation time, lower bubble rising speed, and high interior pressure [6] . The microbubble technology has been widely used in many fields of application, especially in environmental engineering [7] , biomedical engineering [8] , and other industrial productions [9] . Regarding microbubble ozonation, research has focused not only on the properties of microbubbles (e.g., zeta potential) but also on the improvement of oxidative removal of pollutants [10, 11] . To date, there are few studies on the application of microbubble-ozonation for acrylic fiber wastewater treatment.
In this study, microbubble-ozonation and macrobubble-ozonation were compared for the treatment of wastewater that had been discharged from a wet-spun acrylic fiber manufacturing plant. The efficiency in terms of COD cr , UV 254 , and NH 3 -N removal as well as the improvement in biodegradability was investigated. The bubbles produced in the two processes were also compared in terms of gas holdup, ozone mass transfer coefficient, ozone utilization efficiency, hydroxyl radical production, and zeta potential to explain the differences of the two processes for the treatment of the acrylic fiber wastewater.
Experimental

Wastewater
The experimental wastewater was secondary effluent of an acrylic fiber manufacturing plant in Northern China. The wastewater was stored at 4 °C before use. The physical and chemical properties of the wastewater are shown in Table 1 . This wastewater is characteristic in its complicated components, high toxicity, and low biodegradability.
Table 1
Characteristics of the acrylic fiber wastewater.
Experimental setup and procedure
The experimental apparatus is shown in Fig. 1 . The reactor was made of transparent rigid Plexiglas with an inner diameter of 80 mm, height of 1200 mm, and effective volume of 6 L. A TCRI microbubble generator (Japan) was used to produce microbubbles with a mean bubble size less than 45 μm under the operation pressure of 0.4 MPa. A 40 μm cylindrical micropore titanium plate placed at the bottom of the reactor was used to generate macrobubbles (mean bubble size of about 1 mm) from the ozone gas for comparison. Ozone gas was produced at 5 g/h with an ozone generator (CF-YG5, Shanmei Shuimei Co. Beijing) using dried air as gas source. At the beginning of the experiment, 3 L of acrylic fiber wastewater was pumped into the reactor with a peristaltic pump. When conducting microbubble ozonation, the macrobubble pathway was closed, and vice versa. In microbubble ozonation, the wastewater was continuously circulated between the microbubble generator and the reactor.
Ozone gas exhausted from the reactor was absorbed with 2% KI solution. The temperature of the reaction solution was maintained at 20 ºC throughout the treatment. Samples were taken at predetermined time intervals.
Any residual ozone in the sample was immediately purged with nitrogen gas.
Analytical methods
Most of the wastewater quality parameters were measured according to The Water and Wastewater
Monitoring and Analysis Method (4th Edition) [12] . In addition, COD cr , BOD 5 , TOC, and UV 254 were respectively measured by a COD rapid digestion apparatus (DIS-1A, Shenzhen Changhong Instru. CO., LTD, China), oxiTop system (OxiTop, WTW, Germany), vario TOC analyzer (vario TOC, Elementar, Germany) and a UV-visible spectrophotometer (UV-752, METASH, China). The dissolved oxygen concentration and the pH were determined with a dissolved oxygen meter (HQ30D, Hach, USA) and automatic potentiometric titrator meter (ZD-2, LEICI, China) respectively at 20 ºC. The gaseous ozone concentration was mesasured with the iodometric method [13] . The concentration of dissolved ozone was tested with the indigo colorimetric method (Standard Method 4500-O 3 B) [14] .
The size of the microbubbles was measured with a microscope (Nikon, YS100, Nikon Corporation Instrument Company, Japan) equipped with a digital camera. The zeta potential of the surface of ozone microbubbles in the water was averaged over ten measurements with a zeta potential analyzer (DB-525, Brookhaven, USA).
The determination of gas holdup was measured with a volume expansion method [15] . The Equation was as follows:
where ε g is gas holdup, V 0 is valid water volume before aeration, V is valid water volume after aeration, H 0 is valid water height before aeration, H is valid water height after aeration. Since the cross sectional area is the same, the variation of water height could represent that of the water volume.
Three-dimensional excitation-emission matrix (3D-EEM) fluorescence spectroscopy
The hydroxyl radical concentration was tested qualitatively with a three-dimensional excitation-emission matrix fluorescence spectroscopy (3D-EEM) (F2700, Hitachi, Japan) after reaction with disodium salt of terephthalic acid (NaTA) and filtration with a 0.45 μm PVDF membrane. NaTA reacts with hydroxyl radicals to form 2-hydroxyterephthalic acid (HTA) that gives a bright stable fluorescence (λ emission = 425 nm, λ excitation = 315 nm) [16] . TA and NaTA are extensively applied to detect hydroxyl radicals produced in aqueous phase [17, 18] . In this study, air and ozone micro/macro-bubble water (5 mL) were reacted with 0.5 mM NaTA (5 mL) at the pH of 6.85 in which the buffer was 10 mM mixed non-fluorescent phosphate solution. The samples were analyzed within a few hours of being collected. EEM spectra were taken at a scanning speed of 1500 nm/min, while the slit width for excitation (varied from 200 to 450 nm) and emission beams (varied from 280 to 500 nm) was 10 and 2 nm, respectively.
GC/MS measurement
Gas chromatography/mass spectrometry (GC/MS) was used for the analysis of the main organic compounds in the wastewater. For GC/MS analysis, the wastewater sample (150 mL) was extracted with The MS ion source temperature was 300 °C and electron energy was 70 eV. Identification of the compounds was based on the NIST 05 mass spectral library database.
Results and Discussion
The effectiveness of microbubble-ozonation and macrobubble-ozonation
Compared with macrobubble-ozonation, the microbubble-ozonation produced milky microbubbles with relatively small size and long retention time in the reactor. The maximum removal rates of COD cr , NH 3 -N, and UV 254 by the microbubble-ozonation were 42%, 21%, and 42%, respectively, which were 25%, 9%, and 35% higher than those achieved by the macrobubble-ozonation. The BOD 5 /COD cr of wastewater treated with microbubble-ozonation and macrobubble-ozonation was improved from 0.04 to 0.13 and 0.08, i.e., 3.3 and 2.0 times respectively higher than that of the raw wastewater.
The COD cr increased after reaction for 45 min, especially in the microbubble-ozonation condition ( Fig.   2a ). According to the literature [19] , that refractory organic matter which cannot be detected with COD measurement (the COD could not be oxidized by K 2 Cr 2 O 7 ) can be degraded by hydroxyl radicals into organics detectable with COD measurement. Therefore, this increase in COD cr is probably due to oxidation of some refractory organics by hydroxyl radicals during ozonation. The removal of ammonia was insignificant in the two processes. A slight improvement in the removal rate was observed in microbubble-ozonation compared to macrobubble-ozonation. This is possibly due to more hydroxyl radicals being produced in the former, because ozone itself is relatively unreactive towards free NH 3 removal was quite different between the two processes ( Fig. 2c) . UV 254 decreased from 0.40 to 0.25 in microbubble-ozonation, while in macrobubble-ozonation it increased first to 0.51 in 45 min and then gradually decreased to 0.38. Microbubble-ozonation performed better in the degradation of UV 254 because of its superior oxidation mechanism, which was also found in the treatment of coke wastewater [11] and dye wastewater [21] . The biodegradability of the two processes gradually increased with reaction time (Fig. 2d) .
This wastewater has a high content of refractory organics, such as alkanes, aromatic, phenols, nitriles, amides, and esters. Compared with macrobubble-ozonation, microbubble-ozonation possessed a much greater dissolved ozone concentration and a higher ozone utilization rate in this study.
Microbubble-ozonation could also produce more hydroxyl radicals because of a higher ozone mass transfer coefficient. Furthermore, the collapse of microbubbles could also generate hydroxyl radicals, which is related to ionic accumulation around the collapsing micro-bubbles [22] . Therefore, microbubble-ozonation process had high dissolved ozone concentration and hydroxyl radical production. In contrast, less hydroxyl radical generation and dissolved ozone concentration in the macrobubble-ozonation process resulted in a lower extent of oxidation of the refractory organics and consequently a lower biodegradability of the treated wastewater.
3.2. The mechanism of enhanced ozonation process by microbubbles.
Ozone gas holdup
Research has found that gas holdup depends mainly upon gas flow rate, bubble size, and the type of water [23, 24] . In this experiment, the gas flow rate in the two ozonation processes was fixed at 0.5 L/min. The average bubble size was 45 μm and 1 mm in microbubble and macrobubble ozonation, respectively. Fig. 3 shows the variation of gas holdup with time and dissolved ozone concentration. The gas holdup of ozone microbubbles rapidly increased to saturation (15.1%) within 7 min. In contrast, the saturated gas hold up of ozone macrobubble was only 2.3%, 6.6 times lower than the microbubble ozonation. In addition, the gas holdup of these two kinds of bubbles increased with dissolved ozone concentration (Fig. 3b) . More interestingly, the gas holdup of ozone microbubbles was much higher than that of ozone macrobubbles under the same dissolved ozone concentration, and that the difference between these two bubbles in gas holdup increased with dissolved ozone concentration.
This could be attributed to higher dissolution ability and a longer retention time of microbubbles in the water.
The internal pressure of the bubbles, which had a great effect on the dissolution, was largely related to bubble size. The Young-Laplace equation can be applied to calculate the internal pressure of the bubble [25] . (2)), the internal pressure of a 1 μm bubble is 3.85 times than that of 1 mm bubble [26] . According to the Henry's Law, high internal pressure of the bubble results in improved dissolution in water [25] . In addition, the concentrations of microbubbles and macrobubbles, with average diameters of 45 μm and 1 mm respectively, were calculated to be 3.9 × 10 5 and 5.5 counts/mL, respectively. Therefore, the fact that gas holdup of ozone microbubbles was higher than that of macrobubbles can be ascribed to its higher dissolution capacity in the water.
According to the Stokes' law, the rising speed of bubbles which determines their retention time in the water is mainly related to the bubble size [27] . In the current study, the Stokes' law was applied to roughly calculate the rising velocity of bubbles, of the former was much greater than that of the later, which can explain why the difference between these two ozonation processes in gas holdup significantly increased with dissolved ozone concentration.
Therefore, the smaller in size the bubble is, the higher gas holdup and longer retention time it will have in water.
Ozone mass transfer coefficient
The dissolution of ozone gas into water is well known to be a limiting step for ozonation [10] .
Ozone transferred into water during the two ozonation processes were compared under the same ozone gas flow rate (0.5 L/min). In addition, the mass transfer coefficient of ozone was investigated. In general, the variation of dissolved ozone concentration in clean water during aeration follows a first-order kinetic model, which can be expressed as follows:
where k L is bulk liquid film transfer rate coefficient (m/min), a t (m -1 ) donates total specific surface area (A t /V, A t is total surface area for transfer (m 2 ), and V is the volume of water (m 3 )), C S is steady-state ozone concentration during aeration (mg/L), and C t is the actual ozone concentration in the water body (mg/L) [28] .
We assumed that the total volumetric ozone mass-transfer coefficient k L a t (min -1 ) and C S values remained constant throughout the test. Equation (4) can be integrated to express ln(C s -C t ) as a function of time t:
According to equation (4), the variation of dissolved ozone concentration C t with time was calculated. Then, the ozone mass transfer coefficient of microbubble and macrobubble-ozonation during the aeration phase were integrated. The results are shown in Fig. 4b . There was a good linear relationship between ln(C s -C t ) and time. The k L a t of microbubble-ozonation and macrobubble-ozonation was calculated to be 0.3767 min -1 and 0.1732 min -1 , respectively. The total mass-transfer coefficient of the former was 2.2 times higher than that of the latter. Therefore, compared with macrobubble generator, there is a stronger ozone mass transfer coefficient and higher dissolved ozone concentrations in the microbubble generator. This result was consistent with the literatures about improvement of ozone transfer by microbubble generator. For example, Chu et al [10] found that the microbubble ozone mass transfer coefficient is 1.8 times higher than that of the conventional process, when the mean diameter and interfacial area of the microbubbles are less than 58 µm and more than 334 m 2 /m 3 , respectively. Liu et al [29] also found that the total ozone mass-transfer coefficient in the microbubble generator (producing bubbles less than 50 µm) is 1.5 times higher than that in the conventional ozonation process. input ozone concentration off-gas concentration Ozone utilization efficiency 100% input ozone concentration The ozone utilization efficiency of microbubble-ozonation was more than 99% during the first 15min; however, the ozone utilization efficiency of macrobubble-ozonation was only 80%. The ozone utilization efficiency of microbubble-ozonation always remained above 85%. In contrast, the ozone utilization efficiency of macrobubble-ozonation significantly decreased to 45% at 120 min. The average ozone utilization efficiency of the former was 1.5 times of the latter. This conclusion is consistent with previous researchers [29, 30] . In addition, the off-gas concentration of microbubble-ozonation absorbed by the tail gas treatment was 0.90 ± 0.45 mg/L, which was just one fifth of macrobubble-ozonation (4.42 ± 2.66 mg/L). Considering the high removal efficiency of contaminants in the microbubble system as described above, we can conclude that microbubble could enhance the ozone mass transfer. This result is similar to that derived by Chu et al., [5] although he studied the mass transfer based on air instead of gaseous ozone. The lower off-gas concentration is desirable to reduce wastewater treatment costs. Furthermore, because the ozone utilization efficiency decreased with time, intermittent aeration could be adopted to reduce power consumption in practical application.
Ozone utilization efficiency
− = × (7)
Hydroxyl radicals
Many researchers have reported that hydroxyl radical generation from ozone was improved when the microbubble collapsed under water. A great amount of chemical energy is released in a few microseconds due to the accumulation of high concentrations of ions on the gas-liquid interface of the collapsing microbubble, which causes the generation of hydroxyl radicals under high temperature and pressure [22] . Takahashi et al. [22] and Li et al. [26] tested the generation of hydroxyl radicals from collapsing micro-bubbles by electron spin-resonance (ESR). Chu et al. [10] proved that the existence of hydroxyl radicals in ozone microbubble water with fluorescence detection. In order to explain the enhancement of oxidation ability of ozone by microbubbles, the hydroxyl radical generation in air-microbubble water, air-macrobubble water, ozone-microbubble water and ozone-macrobubble water was semi-quantitatively measured with 3D-EEM. air-macrobubble water, c) ozone-microbubble water, and d) ozone-macrobubble water. Fig. 6 shows that the fluorescence signal of HTA was observed in air-microbubble water but not in air-macrobubble water, which once again supported the conclusion of Takahashi et al [22] and Li et al [26] . Compared with macrobubble-ozonation, the fluorescence intensity of the samples in ozone microbubble water was significantly higher than that in ozone macrobubble water, indicating a greater amount of hydroxyl radicals generated during microbubble-ozonation. The increased hydroxyl radicals in microbubble-ozonation can enhance the oxidation capacity for removal of contaminants. Chu et al. [5] reported that microbubble-ozonation can improve the oxidation of actual textile wastewater which was also ascribed to the production of hydroxyl radicals during the microbubble-ozonation. Khuntia et al. [31] also reported that the ozone microbubbles could effectively oxidize ammonia with the contribution of hydroxyl radicals in the oxidation process.
Zeta potential
The zeta potential of the bubbles played an important role in the attachment and oxidation of organics and the bubble coalescence, which will affect the chemical and physical characteristics of microbubbles including gas holdup, mass transfer coefficient, and gas utilization efficiency. The pH in aqueous solutions also influences the zeta potential of microbubbles. The results of previous researchers [11, 27] revealed that zeta potential of microbubbles of ozone is negative over a wide range of pH conditions [32] . In general, the bubbles' zeta potentials are positive in the highly acidic solutions.
Because the pH varied significantly during the acrylic fiber wastewater treatment (Fig. 7a) , the zeta potential of the microbubbles was investigated in neutral and subalkalic deionized water. The zeta potential of ozone microbubbles was approximately -33 mV when the pH was 8.0 and still above -20 mV when the pH was reduced to 7.0 (Fig. 7b) . The zeta potential of macrobubbles was not measured here because the analyzer was only able to make measurements of bubbles in the range of 20 nm to 100 µm. However, according to the literature [33] , the zeta potential becomes more negative with decreasing bubble size in distilled water. The ozone microbubble possibly had a higher zeta potential than that of the macrobubbles, which could reduce the coalescence of the bubbles and extend retention time of the bubbles in water.
3.3. Enhancement in the degradation of organics Fig. 8a shows that more than 25 organic compounds were identified in the raw wastewater (summarized in Table 2 ). These compounds mainly include 14 alkanes (accounting for 69.7% total peak area) and 5 aromatic compounds (accounting for 24.2% total peak area). A small amount of esters (4, 3.0%), phenols (2, 2.4%), amide (1, 0.4%), and organic nitriles (1, 0.3%) were also identified. The carbon numbers of alkanes (except decane) ranged from 15 to 40, which are bio-refractory for conventional biological treatment. In addition, aromatic organic compounds and organic nitriles are toxic and refractory. This result may explain why the biodegradability of the raw wastewater (shown in Table 1 ) was very low. Table 2 The main organic compounds identified in the secondary effluent with GC/MS. By comparison, the chromatograms in Fig. 8b and 8c show that 14 and 10 organic contaminants were removed by microbubble-ozonation and macrobubble-ozonation, respectively, with the performance of the former being better than that of the latter. Furthermore, during microbubble-ozonation, four aromatic organic compounds, two phenols, one organic nitrile, and one amide were almost completely removed. The average relative removal efficiency of alkanes in microbubble-ozonation was 1.2 times higher than that in macrobubble-ozonation. The superior performance of microbubble-ozonation for the organic contaminant removal can be ascribed to the greater amount of the unselective hydroxyl radicals.
Conclusion
Microbubble-ozonation is a promising advanced oxidation process that can be applied for the treatment of refractory wet-spun acrylic fiber manufacturing wastewater. Microbubble-ozonation performed better than traditional macrobubble-ozonation for the degradation of bio-refractory organic compounds, with the higher removal efficiencies of COD cr , NH 3 -N, and UV 254 of the wastewater being 25%, 9%, and 35% at the same ozone dose, due to its higher dissolution ability, longer ozone retention time, higher ozone utilization efficiency, faster ozone mass transfer coefficient, greater generation of hydroxyl radicals, and the relatively high surface zeta potential of microbubbles. The biodegradability of the wastewater was also highly improved by the microbubble-ozonation, which was ascribed to the enhanced degradation of alkanes, aromatic compounds, and many other bio-refractory organic compounds, as confirmed by gas chromatography/mass spectrometry (GC/MS). Table legends   Table 1 Characteristics of the acrylic fiber wastewater.
Table and Figures Legends
Table 2
The main organic compounds identified in the secondary effluent with GC/MS. Fig. 1 . Schematic diagram of the experimental setup. 
Figures legends
